Summary: Spinal cord injury (SCI) is a devastating condition that affects approximately 11,000 patients each year in the United States. Although a significant amount of research has been conducted to clarify the pathophysiology of SCI, there are limited therapeutic interventions that are currently available in the clinic. Moderate hypothermia has been used in a variety of experimental and clinical situations to target several neurological disorders, including traumatic brain and SCI. Recent studies using clinically relevant animal models of SCI have reported the efficacy of therapeutic hypothermia (TH) in terms of promoting long-term behavioral improvement and reducing histopathological damage. In addition, several clinical studies have demonstrated encouraging evidence for the use of TH in patients with a severe cervical spinal cord injury. Moderate hypothermia (33°C) introduced systemically by intravascular cooling strategies appears to be safe and provides some improvement of long-term recovery of function. TH remains an experimental clinical approach and randomized multicenter trials are needed to critically evaluate this potentially exciting therapeutic intervention targeting this patient population.
INTRODUCTION
Spinal cord injury is a devastating neurological disorder that affects both civilian and military personnel. Each year in the United States, approximately 11,000 to 12,000 individuals sustain a spinal cord injury from motor vehicle accidents, sport related injuries and direct trauma [1] . Most victims are young men, and the majority of these individuals are left with severe paralysis and functional deficits that remain for the rest of their lives. Through improvements in surgical procedures, stabilization approaches and critical care initiates, these individuals live relatively long lives with these devastating disabilities. Currently, there are no proven treatments that protect against the consequences of SCI [2] [3] [4] , although methylprednisolone is used with some success for specific indications, according to the National Acute Spinal Cord Injury Study II protocol [5, 6] . Nevertheless, because of the medical costs associated with SCI and lack of effective treatments, there is a continued need to evaluate novel therapeutic interventions that can be initiated in the acute injury setting to limit secondary injury mechanisms and improve functional outcome in this patient population.
Hypothermia has been studied for many years and is found to be beneficial in a variety of acute CNS injuries [7] [8] [9] [10] . In the early 1950s, profound levels of hypothermia were used in cardiac surgical procedures, as well as other acute indications, including stroke, brain trauma, and SCI [11] [12] [13] [14] [15] [16] [17] [18] [19] . These studies provided mixed results and cooling strategies were mostly abandoned when pharmacological agents were discovered that were believed to be neuroprotective.
However, more recently, the beneficial effects of more modest levels of hypothermia has been appreciated [7, [20] [21] [22] [23] [24] [25] . In the 1980s, studies showed for the first time that relatively small reductions in brain tissue temperature provided significant protection against ischemic and traumatic neuronal cell death [7] . These studies led to a revival in the interest in the potential use of moderate hypothermia in a variety of experimental paradigms, including global and focal ischemia, cardiac arrest, traumatic brain injury, and SCI [7] . Therapeutic hypothermia has now gained acceptance primarily in treating patients with in-hospital cardiac arrest and babies experiencing hypoxic-insults during delivery [23] . Indeed, therapeutic hypothermia has recently been adopted by the American Heart Association as a treatment for cardiac arrest, and to date it is the only cytoprotective treatment that has been successfully translated from the bench to the bedside.
In terms of SCI, published data have shown that relatively mild levels of hypothermia introduced after a traumatic or compressive SCI provides some degree of improvement in function and reduces the histopathological damage [22, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . In clinically relevant SCI studies, mild reductions in temperature have been shown to be protective, whereas mild elevations (hyperthermia) have been reported to worsen outcome [38] [39] [40] . These studies have emphasized the importance of spinal cord temperature as an important factor in determining irreversible damage and severe neurological deficit. Importantly, moderate hypothermia induced systemically is protective in a variety of SCI models by many investigators and therefore merits consideration for clinical application.
Recently, case reports and clinical studies have provided encouraging results in terms of the safety and efficacy of moderate hypothermia following severe SCI [21] . In one high profile case, a professional football player who underwent severe cervical SCI by impact injury was treated with therapeutic hypothermia [41] . That individual did relatively well, in terms of long-term outcome, and generated significant interest in the use of hypothermia in the research and clinical community [21, 42] . Studies in a large series of SCI patients, initiated in 2005, showed that early cooling introduced by the use of endovascular catheters and continued for a 48-h period appeared to be safe and did not result in an increased incidence of risk factors, including cardiac arrhythmias and severe infection [43] . Most recently, the 1-year follow-up of these SCI patients showed an encouraging trend for improvement in function compared with an historical group of patients that were not cooled [44] . The purpose of this report is to summarize evidence for the use of therapeutic hypothermia in cases of severe SCI and provide a framework for future investigations.
HISTORICAL PERSPECTIVE
Therapeutic hypothermia has been investigated as a treatment strategy in various early clinical SCI studies [8] . In the 1960s, local profound hypothermia was produced in some patients by administering cold saline to the exposed spinal cord after laminectomy and during decompression surgeries [45, 46] . These studies, along with experimental observations, provided important information regarding the ability to cool locally, and in some cases resulted in functional improvement [19, 27, [47] [48] [49] . However, the interpretation of these studies was complicated by the fact that surgical interventions, including decompression procedures, may have led to some of the beneficial effects that were reported [46] . Additionally, the use of methylprednisolone as a protective steroid therapy in the acute injury setting was also a possible confounding issue [50, 51] . Another early obstacle in terms of the use of hypothermia was the problem of introducing systemic hypothermia to patients. As temperature began to decrease, shivering responses were noted as an attempt for the body to fight against the lowering temperatures [52, 53] . Different approaches to cooling included the use of cold fluids or ice baths, as well as externally placed cooling blankets, to reduce the temperature. These approaches were very cumbersome, and it was different to maintain critical levels of hypothermia for long periods of time.
In addition to trauma, various levels of hypothermia have also been shown to protect against periods of ischemia that may occur during transient periods of spinal cord compression or aortic reconstruction surgery [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] . In models of compression injury, hypothermia has been shown to improve neurological outcome, recovery of somatosensory evoked potentials and normal motor function [36, 64] . In studies in which the aorta is clamped for a period of time, hypothermia by epidural perfusion or other strategies of regional and systemic hypothermia have shown some promise in terms of reducing neurological deficits produced by the resulting spinal cord ischemia [65, 66] . In contrast to systemic hypothermia, local cooling allows very low levels of hypothermia to be introduced without potentially initiating inherent physiological effects, such as hypotension, bradycardia, and respiratory infection that can be seen in conditions in which systemic hypothermia is used [48, 52, 67, 68] . Nevertheless, a weakness of local cooling is that the procedure cannot be initiated until rather invasive surgical approaches are completed to allow for the application of cold fluid onto the surface of the injured spinal cord. The realization that only relatively moderate levels of hypothermia are required to produce improved outcome has allowed for systemic hypothermia to be evaluated in clinically relevant animal models, as well as targeted patient populations [7, 23, 43] . As previously mentioned, in the late 1960s and early 1970s, the interest in clinical hypothermia to treat acute neurological disorders had decreased due to the introduction of new pharmacological agents that could potentially provide similar neuroprotective results. More recent information has emerged that emphasizes the complexity of the pathophysiology of SCI, and the need for combination approaches or the use of "dirty drugs" to target multiple injury mechanisms has surfaced.
EXPERIMENTAL STUDIES
As previously described, many experimental studies in SCI have reported beneficial effects of either focal or systemic hypothermia [8, 20] . Martinez-Arizala and Green showed that both pre-and post-treatment with hypothermia (31-32°C) appeared to be effective in reducing the degree of hemorrhage at the site of SCI [24] . In other studies, more moderate degrees of systemic hypothermia have also been shown to promote motor recovery in both thoracic and cervical SCI models [7, 25] . In one study by Yu et al. [25] , a whole-body moderate hypothermia (33°C) initiated by blowing cool air onto the surface of the rat led to significantly improved locomotive function, as assessed by the Basso, Beattie and Bresnahan (BBB) [69] open-field scoring system. In that study, hypothermia treatment was initiated 30 minutes after the injury and continued for a 4-h period. Following the hypothermic period, animals were slowly rewarmed and behaviorally tested for a 6-week duration. At the end of behavioral testing, perfusionfixation was carried out and quantitative assessment of lesion volume was conducted. Importantly, the improved behavioral recovery was correlated with a significant reduction in both gray and white matter pathology (FIG. 1) . This study showed for the first time that a moderate level of hypothermia initiated after the traumatic insult could improve both behavioral and histological outcome. In other studies, hypothermia protection has also been shown in models of compression injury that lead to reduced blood flow to the focal area of the injured spinal cord [26, 32, [35] [36] [37] 64] . In these studies, different levels or durations in cooling have also been shown in most cases to promote recovery. In a recent study by Batchelor et al. [26] , the beneficial effect of hypothermia in decompressive SCI was assessed. In this study, decompression of the spinal cord was reduced by a spacer inserted to compress the spinal cord by 45%. In animals in which hypothermia was introduced prior to removal of the spacer, significant improvement in behavioral and histopathological outcomes was seen compared to normothermic animals. These investigators concluded that hypothermia may be useful as bridging therapy to prevent neurological decline prior to decompressive surgery.
Many spinal cord injured patients sustain injuries at the cervical level. In an attempt to determine whether therapeutic hypothermia would help following severe cervical SCI, an animal model of SCI was developed [70] . In a study by Lo et al. [22] , moderate hypothermia introduced after cervical SCI again led to improved behavioral and histopathological outcomes. Following cervical trauma, hypothermia was introduced by reducing the core temperature to 33°for a 4-h period followed by slow rewarming. Behavioral assessment that specifically determined the effects of cooling on hand function, as well as gait and lower motor function, showed that the hypothermic group improved better than that seen in the normothermic (37°C) animals. In addition, quantitative assessment of contusion volume demonstrated that the hypothermic group had smaller contusion areas. Most importantly, when a numbers of motor neurons were counted in the cervical gray matter area, hypothermic animals showed a greater preservation of motor neurons (FIG. 2) . Taken together, these preclinical studies emphasize the beneficial effects of moderate hypothermia introduced after an ischemic or traumatic insult in terms of improving long-term outcome.
MECHANISMS UNDERLYING HYPOTHERMIA PROTECTION
Numerous studies from a variety of laboratories have investigated the underlying mechanisms by which small reductions in core or central nervous system (CNS) temperature can improve outcomes in models of brain and SCI [7, 8, 34, 37, 38, [71] [72] [73] [74] . These mechanisms have been recently summarized in a review article by Dietrich et al. [7] . A major point of discussion is that mild variations in temperature affect many of the pathological mechanisms thought to be important in irreversible neuronal death [4] . Thus, while profound hypothermia was originally thought to primarily work by decreasing O 2 consumption and CO 2 production, the effects of mild cooling on a variety of other injury consequences besides metabolism have been emphasized [7] .
As briefly mentioned, hypothermia can reduce cerebral metabolism and therefore provide energy required for maintaining ionic gradients and other mechanisms important in the normal regulation of cell function [7] . Hypothermia lowers metabolic and energy demands and has been shown to have beneficial effects in regards to adenosine-5'triphosphate (ATP) depletion following cerebral ischemia. In addition to metabolic changes, hypothermic therapy may have significant effects on cerebral blood flow alterations following both brain and SCI [8, 30, 64] . In the early 1950s, for example, studies using systemic hypothermia showed that more profound cooling (25°C) lowered levels of cerebral blood flow. In contrast, other studies have reported with selective brain cooling that cortical blood flow is actually increased with moderate cooling. In the area of SCI, local cooling of spinal cord down to 16°C was shown to decrease blood flow by Hansebout et al. [75] . Although Zielonka et al. [76] reported increases in blood flow when the spinal cord segment was cooled, reported differences may depend on levels of hypothermia, techniques by which systemic or local cooling is introduced, as well as methods of assessing hemodynamic changes.
One of the first pathomechanisms to be evaluated, based on the findings of small variations in temperature, critically affecting neuronal vulnerability was excitotoxicity. Using extracellular microdialysis approaches, Globus et al. [77] demonstrated that mild reductions in brain temperature significantly decreased levels of glutamate and other transmitters released after traumatic brain injury (TBI). These studies that were subsequently replicated in several laboratories showed that a major mechanism by which temperature affected neuronal vulnerability was through excitotoxicity [7] . Similar results were shown following SCI injury in which post-traumatic cooling was reported again to blunt the release of neurotransmitters, including glutamate into the extracellular space [34, 72] . In addition to neurotransmitters, various receptor groups have also been shown to be sensitive to temperature modifications. For example, glutamanergic receptors 2-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-Methyl-D-asparate acid (NMDA) expression of patterns have been shown to be affected by temperature modifications [78] . The brain and spinal cord are normally protected by the blood-brain and spinal cord barriers that inhibit free passage of blood-borne substances into the parenchyma. This is a major characteristic of the microvasculature of the nervous system and is required for normal CNS function. After brain and SCI, the vascular barrier is commonly disturbed with both ischemia and trauma studies showing extravasation of protein tracers across the brain and spinal cord barriers [79, 80] . Hypothermia protects against abnormal vascular permeability following ischemia and trauma, and with that reduced patterns of white blood cell extravasation into the CNS parenchyma are seen [37, 73] . Recent studies have shown that the beneficial effects of hypothermia on attenuating blood-brain barrier permeability may be through various endothelial dependent processes, including   FIG. 2 . Hypothermia increased the numbers of preserved ventral motor neurons rostral and caudal to the injury site. Counts of cells labeled for NeuN (a neuron-specific marker) from transverse sections rostral (R) and caudal (C) to and within the injury epicenter of the cervical cord showed that acute application of mild systemic hypothermia could significantly increase the numbers of NeuN-immunoreactive neurons in the ventral horn (laminae VII-IX) at distances of 900 μm and greater from the injury epicenter compared with normothermic controls. Almost no preserved ventral motor neurons, however, were detected within the immediate injury site in both spinal cord injury (SCI) groups. Recordings from uninjured controls are provided for comparison, and the data are expressed as the average ± standard error of the mean. **p<0.01 compared with normothermic controls; ***p<0.001. (Reprinted with permission from Lo et al. [22] ).
the activation of matrix metalloproteases, which are critical extracellular enzymes that have a variety of biological effects [81] .
In addition to these various extracellular mechanisms, intracellular signaling cascades including calciumdependent pathways are also affected with temperature. For example, after traumatic brain injury, activation of calcium-calmodulin-dependent protein kinase II (a key protein kinase that mediates synaptic strength) has been shown to be attenuated by hypothermia [82, 83] . In other studies, various transcriptional factors that participate in normal neuronal functioning have been shown to be temperature sensitive. For example, immediate early gene c-Fos expression is activated by hypothermia, whereas extracellular signal-regulated protein kinase and c-Jun N-terminal kinase are also affected by temperature modifications [84, 85] . The neuronal cytoskeleton, which is highly vulnerable to injury, is also temperature sensitive. The cytoskeletal protein microtubular-associated protein 2 and β-actin disruption appears to be reversed by hypothermia following brain injury [86, 87] .
One of the major mechanisms by which postinjury hypothermia may be working is targeting inflammatory processes [71] . Investigations by many laboratories have emphasized the importance of post-injury inflammatory cascades as clinically relevant secondary injury mechanisms. Recently, therapeutic hypothermia has been shown to target many of the inflammatory cascades that are activated after injury, including the production of proinflammatory cytokines, including interleukin-1β, interleukin 18, and tumor necrosis factor-α [88, 89] . Other studies have reported that cooling after injury targets adhesion molecules that are normally upregulated after injury on white cells and endothelial cells, and are critical in recruiting inflammatory cells to an area of injury.
Another temperature sensitive and inflammatory response to injury is the release of reactive oxygens by a variety of brain cells [85] . Postinjury hypothermia has been shown to reduce super oxide, nitric oxide and hydroxal radicals, all believed to be important in neuronal vulnerability after brain injury and SCI [90, 91] . Edema, the swelling of the brain and spinal cord after injury due to water accumulation, is also reduced in some paradigms in which hypothermia is initiated [92, 93] . These studies, using both the regional assessment of tissue water, as well as magnetic resonance imaging have found that hypothermia reduces this clinically relevant consequence of injury [94] .
Finally, mechanisms of neuronal cell death have now been shown to be multifactorial and involve necrosis, as well as apoptotic mechanisms [95] . In the area of apoptosis, postinjury hypothermia has been shown to reduce patterns of caspase 3 activation, an important initiator of apoptotic cell death [96] . Other studies have reported that hypothermia after injury reduces the translocation of released cytochrome C [97] . Recent evidence has also turned to the use of screening approaches to assess various genes that may also be sensitive to temperature modifications. Gene array studies have shown that many genes that are upregulated or downregulated after injury appear to be sensitive to temperature manipulations [98] . These families of genes are associated with inflammation, apoptosis, and other cell signaling cascades. It is important to note that the ability of postinjury temperature modifications to affect a variety of genetic and biochemical responses underscores the importance of temperature in the many cellular and molecular responses to CNS injury. Indeed, temperature, before and after an injury, seems to be a critical factor that participates in irreversible neuronal damage and subsequent neuronal dysfunction.
CLINICAL STUDIES EVALUATING SYSTEMIC HYPOTHERMIA FOR ACUTE SCI
As previously emphasized, all previously published clinical studies and case reports on inducible hypothermia for traumatic SCI have implemented local hypothermia at the time of a laminectomy. The human clinical trials were facilitated by the surgical practice of laminectomy and durotomy for the treatment of acute SCI during the 1970s [8] . In these studies, the spinal cord was locally cooled by irrigating the exposed spinal cord or dura with ice cold (4-5°C) saline following the laminectomy. Unfortunately, due to the small sample numbers, lack of randomization, and control groups, heterogeneous treatment methodologies, and other confounding treatments, such as steroids or surgical decompression, these studies lacked the statistical power to justify its widespread use.
Recently, our SCI clinical group performed a retrospective analysis during a 2-year period of a subset of patients with acute complete cervical SCI using a modest intravascular hypothermia protocol [43] . After undergoing a baseline neurological examination without the effects of sedatives, muscle relaxants, alcohol/drug intoxication, or head injury (Glasgow Coma Score (GCS)≤14), patients who presented with a cervical SCI were classified according to the American Spinal Injury Association (AIS). No patients received steroids, such as methylprednisolone, as part of their treatment protocol. An intravascular cooling catheter (CoolGard Icy catheter; Alsius, Irvine, CA) was inserted through the femoral vein using a sterile technique (FIG. 3) . The patients were cooled to target temperature (33°C) at the maximum rate (0.5°C/h). Our goal was to maintain our target temperature (33°C) for 48 h. The re-warming phase occurred at a rate of 1°C per 8 h and thus took on average 24-to 32-h to achieve a core temperature of 37°C. After reaching 37°C, the intravenous catheter was removed and the systemic temperature was maintained at 37°C using surface cooling techniques.
Specific exclusion criteria were age greater than 65 years, hyperthermia on admission (T>38.5°C), severe multisystem injury, active bleeding, pregnancy, coagulopathy, thrombocytopenia, known prior cardiac history, blood dyscrasia, pancreatitis, Reynaud's syndrome, penetrating spinal column injury (gunshot and knife wounds, and so forth). Patients who were intubated and sedated prior to initial examination by the neurosurgical team, and patients showing an improvement in the neurological exam within 6 h from the injury were also excluded. Our data safety monitoring board specifically looked for potential complications related to the hypothermia including infection, acute respiratory distress syndrome, pneumonia, line sepsis, cardiac abnormalities including arrhythmias, electrolyte abnormalities, deep venous thrombosis, pulmonary embolism, and thrombocytopenia.
There were a total of 14 patients with acute cervical SCI who were entered in to the study. All patients received cervical surgery for either decompression and/or stabilization as part of their treatment. The average initiation time to catheter insertion in this phase I study was 7.40+0.27 h (mean ± standard error of the mean). After the intravascular catheter was inserted, the target temperature was achieved within 3 h (2.72±0.42 h) of cooling. The duration of cooling at the target temperature was 47.6±3.1 h. The average total time of cooling was approximately 93.6±4 h. All of the patients underwent surgical intervention and most frequently this was done during the cooling phase or at our target temperature (FIG. 4) . There were no apparent adverse effects of temperature related to coagulation or intraoperative hemostasis and/or the development of postoperative hematomas [43] .
The intravascular cooling catheters were able to tightly regulate the systemic temperature, as measured by a rectal thermometer. One of the most interesting findings in this study was the significant relationship between body temperature and heart rate, in which the lower temperatures were associated with a lower heart rate. The 
FIG. 4.
Temporal changes in temperature in a representative subject. In this patient (patient 9), three distinct phases can be observed: 1) cooling phase, in which the target temperature (33°C) was achieved at an approximate rate of 0.58°C/h; 2) hypothermia phase that lasted for 48 h; and 3) re-warming phase, which allowed for re-establishment of normal temperature (37°C) at 0.1°C=h rate. (Reprinted with permission from Levi et al. [43] ).
bradycardia was only treated in cases in which it was believed to be symptomatic, and this was usually manifest by an associated hypotension. The correlation coefficient comparing heart rate and temperature was greater than 0.4 in 10 of 14 patients.
All patients were determined to be an AIS A on admission. Ultimately, 6 patients converted from AIS A to another grade, including 3 patients who converted to AIS B, 2 to AIS C, and 1 to AIS D (FIG. 5) [44] . No patient appeared to worsen as a result of the hypo- thermia, such as ascending a neurological level [99] . Complications (FIG. 6) were monitored by our data safety monitoring board. The most common complications in the group that received hypothermia were respiratory and included atelectasis (n=12), pneumonia (n=8), pleural effusions (n=8), iatrogenic or traumatic pneumothorax (n=4), and pulmonary edema (n=4), followed by adult respiratory distress syndrome (n=2). One of the patients that had acute respiratory distress syndrome also had aspiration of salt water due to near drowning. Three patients developed arrhythmias, including 1 patient with atrial fibrillation and a controlled ventricular response, 1 with a sinus arrhythmia, and another 1 with an ectopic atrial rhythm. One of them received a transcutaneous pacer. One patient had thrombocytopenia 5 days after hypothermia initiation without clinical manifestation. Anemia was also a frequent finding (n=11) and appeared to be related to blood loss due to the initial trauma in most patients. Complications, such as acid-base, water, and electrolyte disturbances were very common (n=7) and were promptly corrected. A high number of urinary tract infections (n=8) was also observed. All patients received continuous urinary catheterization during their hospital stay, and the Foley catheters were changed every 3 days in an attempt to decrease bacterial contamination. No patient developed a deep venous thrombosis, pulmonary embolism, myocardial infarction, or coagulopathy. No patient died as a direct result of the hypothermia. One patient (62 years old, with a C5 injury) died 1 year after injury of pneumonia. One of the most important findings was the absence of life-threatening complications, such as deep venous thrombosis, pulmonary embolism, and myocardial infarction.
Moderate systemic hypothermia can be achieved more rapidly and precisely using intravascular techniques. It has been recognized that intravascular infusion with cold saline can lower body temperature quickly [100, 101] . A rapid infusion of iced intravenous fluids (30-40 ml/kg) can reduce core temperatures by 1.6 to 2.5°C in less than 30 minutes; although these fluids are rapid and easy to administer, including the out-of-hospital setting, continuous infusion of large volumes of fluid to maintain a hypothermic core body temperature, this may ultimately lead to cardiovascular instability, particularly in the elderly patient. The newer intravascular cooling catheters rely on a closed circuit of heat exchange permitting iced saline within balloons located in the inferior cava to cool circulating venous blood by means of convection. Using a closed feedback loop, the rate of iced saline infusion into the balloons can be precisely controlled to achieve the required systemic temperature, without the addition of additional fluids. Several commercially available units are manufactured and include the CoolGard Icy catheter used in this study as well as the Celsius control system (Innercool Therapies, San Diego, CA).
One of the areas in which we would like to see a major improvement is the time between SCI and the initiation of hypothermia. In certain cases, the time to admission to hospital was lengthy and the only way to counteract these delays would be to administer cooling "in the field" via intravenous iced saline versus cooling blankets. Another source of delay prior to catheter insertion while in the hospital is the time required to "clear" other potential injuries, such as chest or abdominal injuries. Necessary diagnostic studies, as well as the time taken to image the injured spine and apply traction, also contributed to delays in initiating therapy. With the current catheters, which are magnetic resonance imaging compatible, cooling can be initiated in the trauma bay prior to confirmatory imaging based solely on the clinical diagnosis of SCI.
The application of the intravascular cooling catheters to achieve a core target temperature, including the cooling and re-warming phases, after SCI are emphasized in the current investigations. Challenges in implementing rapid cooling after injury, minimal temperature variation using an intravascular catheter, temperature effect on heart rate, complications, and neurological outcomes are also reported. The current intravascular catheters are powerful vehicles to administer and maintain systemic hypothermia. Recent clinical studies have established the safety of the current devices in the setting of SCI. Given the small sample size and lack of a randomized control group, it was impossible to make any definitive determination regarding potential neuroprotective benefits. In the future, a larger, prospective, randomized, multi-center trial will be required to determine the potential benefits in regard to neuroprotection and recovery from SCIs [102] .
CONCLUSIONS
During the last several decades, a significant amount of experimental and clinical work has established therapeutic hypothermia as one of the few effective treatment strategies targeting the brain and SCIs. Mechanisms by which hypothermia may be protective have been discussed and clarified. The ability of mild cooling to target multiple injury cascades emphasizes the multifactorial nature of CNS injury and indicates its use in multiple clinical conditions. Nevertheless, more work needs to be conducted to determine how best to use hypothermia protocols and temperature management strategies to decide which patient populations will benefit most from these treatment procedures.
To combat periods of hyperthermia that may worsen outcome in some patients, temperature management strategies must also be used in situations in which hypothermia may not be safe or effective. Currently, randomized multicenter trials are required to test therapeutic hypothermia in a large number of patients with acute severe SCI [102] . Hopefully, these types of studies will receive the necessary attention and funding that will be required. Only through such a process will the widespread use of hypothermia be accepted in the clinical field of SCI.
